Phosphate (PO 4 3− ) accumulation associated with bacteria contributes to efficient remediation of eutrophic waters and has attracted attention due to its low cost, high removal efficiency and environmental friendliness. In the present study, we isolated six strains from sludge with high concentrations of chemical oxygen demand, total nitrogen and total phosphorus levels. Among them, strain LH4 exhibited the greatest PO 4 3− removal ability. Strain LH4 is typical of Acinetobacter junii based on physiological, biochemical, and molecular analyses and is a PO 4 3− -accumulating organism (PAO) based on toluidine blue staining. The strain grew quickly when subjected to aerobic medium after pre-incubation under anaerobic condition, with a maximum OD 600 of 1.429 after 8 h and PO 4 3− removal efficiency of 99%. Our data also indicated that this strain preferred utilizing the carbon (C) sources sodium formate and sodium acetate and the nitrogen (N) sources NH 4 Cl and (NH 4 ) 2 SO 4 over other compounds. To achieve optimal PO 4 3− removal efficiency, a C:N ratio of 5:1, inoculation concentration of 3%, solution pH of 6, incubation temperature of 30 °C, and shaking speed of 100 rpm were recommended for A. junii strain LH4. By incubating this strain with different concentrations of PO 4 3− , we calculated that its relative PO 4 3− removal capacity ranged from 0.67 to 3.84 mg L −1 h −1
Introduction
Phosphorus (P) is an abundant element in the lithosphere and is essential for all living organisms (Liu et al. 2016) . In aquatic systems, however, excessive P input can result in eutrophication, leading to harmful algal blooms that impact fish growth and animal and human health (Ascott et al. 2016; Han et al. 2014) . P-induced eutrophication has been frequently reported and has attracted widespread concern. When the P concentration exceeds 0.1 mg L −1 and the total P (TP) content is much lower than that of total nitrogen (TN), indicating P limitation (i.e., TN:TP > 15:1), eutrophication occurs . In addition to eutrophicationtriggered deterioration of water quality, phosphate (PO 4 3− ) deposition is prevented by eutrophication, thereby reducing fertilizer production and global food security (Pantano et al. 2017) .
Both natural and anthropogenic activities lead to P release into ecosystems. Biological transformation of P occurs ubiquitously and is often an important source of excess P in waters (Law al and Adeloju 2013) . As a result, all types of non-labile PO 4 3− including ortho-PO 4 3− and condensed PO 4 3− (pyre-, meta-and poly-PO 4 3− ) are eventually converted into inorganic forms (Law al and Adeloju 2013) . Recently, Meinikmann et al. (2015) reported a new natural source of P pollution in lakes during groundwater discharge, with P contaminants originating from wastewater. Similar to natural activities, human-induced imbalances between N and P have also been identified as an important factor altering natural and managed ecosystems across the globe (Peñue-las et al. 2013) . Among anthropogenic activities, synthetic detergents are the largest source of inorganic P, while food and human wastes are the major sources of organic P (Law al and Adeloju 2013). For example, Liu et al. (2016) showed that intensification of P cycling in China since the 1600s is related to increasing population and demand for diets centered on animal proteins, leading to heavier P deposition in inland waters. Compared with the output from daily use or consumption of P-containing goods or foods, agricultural application results in slow P flux (Carpenter 2005) . However, this activity may be more important for maintaining eutrophication in agricultural regions, as worldwide application of mineral P fertilizers to croplands is up to 17 Tg P per year, and such application can result in continuous transfer of P to adjacent water bodies (Carpenter 2005; Peñuelas et al. 2013) . In addition to these activities, another source of the increasing P levels in drinking water is attributed to anthropogenic P addition in water treatment plants to reduce pipe corrosion, dissolved lead and copper concentrations in customers' taps and reduce the formation of iron and manganese precipitates (Ascott et al. 2016) . Therefore, technologies for rapidly reducing P content in over-enriched waters and soils are necessary to improve water quality (Carpenter 2005) .
(Bio)sorbent-mediated adsorption is a widely used method for remediating eutrophic waters. Several chemical materials such as Bephos™ (Zamparas et al. 2013) , Al 2 O 3 (Genz et al. 2004) , zeolite (Gibbs and Özkundakci 2010) , and iron compounds (Deppe and Benndorf 2002; Chen et al. 2016) , as well as biomaterials such as sawdust (Pantano et al. 2017) , biochar (Cai et al. 2017) , corn straw (Wang et al. 2016a) , and ostrich bone waste (Arshadi et al. 2015) have been investigated. Nano-and magnetic sorbents not only are efficient for P-removal but also can reclaim P from aqueous solutions (Cai et al. 2017 ). However, the major disadvantages of these materials are low efficiency, high cost, and potential toxicity to aquatic organisms (Zamparas et al. 2013) . The environmentally friendly method of plant-based floating beds has been widely used for remediating eutrophic waters (Li et al. 2011) . To enhance its effectiveness for Nand P-removal, denitrifying and PO 4 3− -accumulating organisms (PAOs) are often applied in the floating-bed system (Li et al. 2011) . To date, several bacteria capable of efficient P accumulation have been reported, such as Accumulibacter (Acevedo et al. 2012; Tu and Schuler 2013) , Acinetobacter (Hrenovic et al. 2010) , Alcaligenes Joo et al. 2006) , Alphaproteobacteria (Nguyen et al. 2012) , Dechloromonas (Tu and Schuler 2013) , Defluviicoccus (Tu and Schuler 2013) , and Tetrasphaera (Tu and Schuler 2013) . Because PAOs can accumulate abundant PO 4 3− under aerobic conditions and transfer poly-PO 4 3− to ATP under anaerobic conditions to assist in the synthesis of polyhydroxyalkanoates, a growing number of studies have tried to use these bacteria to promote simultaneous removal of volatile fatty acids and P from wastewater (Yu and Li 2015) .
By the 1980s, the P-accumulating characteristics of Acinetobacter had been reported by Fuhs and Chen (1975) and Deinema et al. (1980) . Several studies have shown that Acinetobacter spp. play important roles in P-removal in activated sludge systems (Carr et al. 2003; Lötter et al. 1986 ). As a well-known PAO in the genus Acinetobacter, A. junii exhibits highly efficient P-removal from artificial wastewater and activated sludge (Hrenovic et al. 2010 (Hrenovic et al. , 2011 Momba and Cloete 1996) . However, its P accumulation characteristics under different conditions have not been fully elucidated. In this study, the new A. junii strain LH4 was isolated from sludge with high chemical oxygen demand (COD), TN and TP levels. The full objectives of this work are to evaluate bacterial growth and PO 4 3− removal efficiency under different physicochemical conditions and to evaluate the capacity of this strain to remove PO 4 3− , using different initial PO 4 3− concentrations.
Materials and methods

Bacteria isolation and PO 4 3− -accumulating ability identification
The sludge used for PAOs isolation was collected from a sewage outlet of a chemical plant located in Gaoqi Village, Shangjie County, Minhou Town, Fuzhou, China. Before chemical analyses, the sludge was freeze-dried (Chist Alpha1-2 LD, Marin Christ, Germany) for 48 h. Soil pH was determined in 0.01 M CaCl 2 (1:5 soil to solution). To determine the sludge properties, the dried samples were digested using USEPA method 3050B, filtered and diluted as required, followed by determination for COD, TN and TP concentrations (Han et al. , 2016 . The data showed that the sludge pH was 6.8, while the concentrations of COD, TN, and TP were 5324, 1430 and 1572 mg kg −1 , respectively.
To isolate potential PAOs, the fresh sludge was washed carefully 3 times by sterile Milli-Q water and centrifuged at 7015×g for 5 min (CR21G, Hitachi Koki Co., Ltd., Japan). After decanting the supernatant, 0.5 g of sludge was added to an enrichment medium (EM) according to Zhang et al. (2011) . By incubating at 30 °C, 150 rpm for 12 h, 1.5 mL of established suspension was re-incubated in a new EM. For each transfer, the component KH 2 PO 4 in medium was gradually increased from 2 to 20 mg. Aliquots of the suspension containing 20 mg KH 2 PO 4 were collected and diluted by sterile Milli-Q water, followed by streaking on a screening medium (SM) (Zhang et al. 2011) . After 48 h of incubation, the colonies with specific morphology were picked out and re-incubated in Luria-Bertani (LB) medium for an additional enrichment. All bacterial suspensions were collected and mixed with 30% (v/v) glycerol (v:v, 1:1), followed by storing at − 80 °C for further use.
To determine PO 4 3− -accumulating ability in isolated strains, all bacteria were incubated in LB medium at 30 °C, 150 rpm for 12 h. After centrifuging at 7015×g for 5 min, the bacterial biomass was collected and re-incubated in a modified PO 4 O and 2 mL trace element solution as previously described in 1 L Milli-Q water at pH 7.0 ± 0.2 (Merzouki et al. 1999) . Bacterial PO 4 3− -accumulating ability was evaluated after 12 h of growth at 30 °C and 150 rpm by determining the residual PO 4 3− concentrations in supernatant.
All media used in this study were autoclaved at 121 °C for 20 min before use.
Strain LH4 identification
Before morphology observation, the strain was incubated in LB medium and centrifuged as previously described. The bacterial biomass was immobilized and dehydrated according to Wang et al. (2016b) . In general, the biomass was immobilized by 2.5% glutaraldehyde (v/v, prepared by PBS consisting of 19 mL 0.2 M NaH 2 PO 4 and 81 mL 0.2 M Na 2 HPO 4 at pH 7.4) for 4 h, washed three times carefully by PBS, and dehydrated by ethyl alcohol with increasing concentrations of 30, 50, 70, 85, 90% (15 min per rinse), and 100% (twice, 15 min per rinse). After that, the biomass was washed by isoamyl acetate (twice, 20 min per rinse) to remove ethyl alcohol and stored at − 20, − 40, and − 80 °C for 12 h, respectively. Once being freeze-dried for 48 h, the bacterial morphology was observed by scanning electron microscopy (SEM; JSM-6500F, JEOL, Japan).
To identify whether the strain belonged to PAOs, the metachromatic granules were tested by toluidine blue according to Zhuang et al. (2014) . Before test, the bacteria were incubated in LB medium as previously described. Aliquots of bacterial suspension were pipetted onto the glass slides, air-dried and hot-fixed. After that, the biomass was stained by toluidine blue for 5 min, followed by staining by potassium iodide for 1 min and observing by a DME microscopy (Leica, Germany). After each treatment, the slides were washed carefully with sterile Milli-Q water for 10 s to remove all chemicals. It is expected to observe the purple granules inside bacterial cells if poly-PO 4 3− presents. The bacterial physiological and biochemical characteristics were tested by using a bioMerieux identification system (VITEK ® 2, France) in Fujian Center for Disease Control and Prevention (Fuzhou, China). A total of 48 substrates for this purpose were included in Biolog-GN II microplate™ (Biolog, Inc., USA). Before molecular identification, the bacterial genomic DNA was extracted by using a DNA extraction kit (NEP021-1, Beijing Dingguo Changsheng Biotechnology Co. Ltd., China) according to the manufacturer's instructions. The 16S rRNA gene was amplified by the universal primers 27F (AGA GTT TGA TCC TGG CTC AG) and 1492R (ACG GCT ACC TTG TTA CGA CTT) on a 2720 Thermal cycler (Applied Biosystems, USA). The polymerase chain reaction (PCR) mixtures consisted of 12.5 µL 2× Taq PCR Colorless Mix (Beijing Dingguo Changsheng Biotechnology Co. Ltd., China), 0.5 µL of each 10 µM primers, 10 µL of PCR degrade water and 1 µL of DNA template. The PCR programs for 16S rRNA amplification consisted of pre-denaturation for 5 min at 94 °C, followed by 35 cycles of denaturation and annealing (30 s at 94 °C, 30 s at 55 °C and 40 s at 72 °C), and a final extension at 72 °C for 10 min (Han et al. 2017) . The PCR product was purified and sequenced by Beijing Dingguo Changsheng Biotechnology Co. Ltd., China. After an online analysis by BLAST similarity search against the known sequences in NCBI database, the phylogenetic tree was constructed by using the neighbor-joining algorithm (Saitou and Nei 1987) in MEGA 5.0 software (Tamura et al. 2011) .
Batch experiments for PO 4 3− -accumulating ability identification
To test bacterial growth and PO 4 3− -accumulating ability over a long-term incubation, the bacteria with 5% inoculation concentration were incubated in LB medium at 30 °C, 150 rpm for 12 h, followed by another 12 h of incubation in MLM under anaerobic condition (N control system). After that, the bacterial suspension with 5% inoculation concentration was transferred to a new MEM for a total incubation time of 120 h. The sampling was conducted at 1, 2, 3, 5, 8, and 12 h for the first 12 h, and every 12 h over the left period. Bacterial growth was recorded as optical density (OD) at 600 nm and PO 4 3− concentration was determined by using molybdenum-blue reaction method (Anschutz and Deborde 2016) . PO 4 3− removal efficiency was recorded as % of the final concentration to the initial concentration.
To investigate the impacts of different conditions on PO 4 3− removal efficiency, the bacteria were pre-incubated in LB medium and MLM as shown above for 12 h, respectively. The re-suspensions were incubated in MEM with different pHs (4-9), temperatures (25-40 °C), carbon (C) sources (sodium formate, sodium acetate, sodium propionate, sodium succinate, sodium citrate, glucose, and sucrose), N sources (NH 4 Cl, NaNO 3 , NaNO 2 , peptone, NH 4 NO 3 , and (NH 4 ) 2 SO 4 ), C:N ratios (1:3-10:1), shaking speeds (0-250 rpm), inoculation concentrations (1-9%) and initial PO 4 3− concentrations (10-100 mg L −1 ). The OD 600 was used to record bacterial growth and the PO 4 3− concentrations in supernatant were determined by using molybdenum-blue method as previously described. To compare PO 4 3− removal efficiencies in different PAOs, i.e., the strain LH4 vs. other reported bacteria, the relative removal content of PO 4 3− (mg h −1 L −1 ) was also calculated.
Statistical analysis
All experiments were performed in triplicate and the data were presented as the mean of triplicates with standard error. A two-way analysis of variance (ANOVA) was used to determine the significant differences by Tukey's multiple comparisons test at P ≤ 0.05 using GraphPad Prism (Release 6.0, USA).
Results and discussion
Six strains were isolated from sludge
Through sequential enrichment in medium containing 2, 5, 8, 10, 15, and 20 mg KH 2 PO 4 , six potential PAOs were isolated based on colony morphology. To evaluate their PO 4 3− removal abilities, all isolates were incubated in LB medium for 12 h, followed by sequential anaerobic-aerobic incubation for 12 h each. As shown in Table 1 , all strains were capable of PO 4 3− removal, with removal efficiencies ranging from 21% (LH2) to 91% (LH4). Because strain LH4 had the highest PO 4 3− removal efficiency, it was used for follow-up experiments.
Strain LH4 belongs to A. junii
Strain LH4 formed a round, pale yellow colony on LB agar medium with bright white coloration along the colony margin (Fig. 1a) . The bacterial cells were rod-shaped without flagella (Fig. 1b) . The size of each cell was approximately 0.7-1.5 µm long by 0.4-0.5 µm wide (Fig. 1b) .
Strain LH4 was a Gram-negative bacterium based on the results of Gram staining (data not shown), and its physiological and biochemical characteristics were investigated using a Biolog-GN microplate. Among 48 substrates, glutamyl arylamidase pNA, tyrosine arylamidase, l-lactate alkalinization, succinate alkalinization, phosphatase, l-histidine assimilation, courmarate, l-malate assimilation and l-lactate assimilation displayed positive results (Table 2) . With reference to the Taxonomic Outline of the Prokaryotes, Bergey's Manual of Systematic Bacteriology (Garrity et al. 2004) , strain LH4 exhibited some similarities to A. junii. For example, A. junii cannot utilize most carbohydrates, in particular d-glucose, which was supported by our data (Table 2) . Strain LH4 utilized l-histidine but exhibited a negative result in the ornithine decarboxylase analysis (Table 2) , which was consistent with Garrity et al. (2004) . Moreover, the characteristics of lactate, malate and tyrosine utilization by LH4 were also reported in a previous study (Bouvet and Grimont 1986) . On the other hand, 82 and 95% of reported strains can utilize sodium citrate and display a positive result in the lysine decarboxylase analysis, respectively (Garrity et al. 2004; Bouvet and Grimont 1986) , but LH4 did not (Table 2) . Meanwhile, analyses of glutamyl arylamidase pNA, phosphatase, courmarate and succinate (positive results in LH4)
have not yet been reported in A. junii (Table 2) . To further clarify this bacterium's evolutionary position, 16S rRNA gene sequencing and sequence alignment were also conducted. The results showed that the 16S rRNA gene (GenBank accession number KY006113) of strain LH4 had 99% similarity to that of A. junii strain WAB1940 with 99% bootstrap support (Fig. 2) . Based on the physiological, biochemical and molecular evidence, we concluded that LH4 was a typical strain of A. junii.
A. junii strain LH4 is a typical PAO
As described previously, strain LH4 removed 91% of 24.5 mg L −1 PO 4 3− in 12 h ( Table 1 ), indicating that it might be a typical PAO. To support this hypothesis, the strain was stained with toluidine blue, and metachromatic granules were observed inside bacterial cells (Fig. 3a) . As such, we concluded that the strain was a typical PAO, as reported previously (Hrenovic et al. 2010; Momba and Cloete 1996) . Because A. junii is a commonly observed PAO in activated sludge systems, and to our knowledge, its PO 4 3− -accumulating characteristics are not well-known, our study focused mainly on the bacterial growth and PO 4 3− removal efficiency of A. junii strain LH4 under different conditions. Efficient PO 4 3− accumulation in PAOs is associated with both bacterial biomass and growth stage (Momba and Cloete 1996; Boswell et al. 2001) . PO 4 3− release from cells under anaerobic conditions is the key factor driving abundant PO 4 3− accumulation (Boswell et al. 2001; Mulkerrins et al. 2004 ). In our study, the bacteria were pre-incubated under anaerobic conditions for 12 h for PO 4 3− release and then transferred to fresh aerobic medium for PO 4 3− accumulation. In this process, strain LH4 removed 96% of 24.5 mg L −1 PO 4 3− after 3 h of growth (Fig. 3b) . Correspondingly, the strain had an OD 600 of 1.164 (Fig. 3b) . The highest PO 4 3− removal efficiency (99%) and highest OD 600 (1.429) were achieved after 8 h of growth (Fig. 3b) . After 120 h of growth, the OD 600 decreased to 1.139, with the PO 4 3− removal efficiency decreasing to 38% (Fig. 3b) . In both the logarithmic and decline phases, the OD 600 was well correlated with the PO 4 3− removal efficiency (R 2 > 0.90, P < 0.001; Fig. 3c ), indicating a positive relationship between bacterial biomass and PO 4 3− accumulation (Momba and Cloete 1996) . However, during the stationary phase, all OD 600 measurements were similar, as were the PO 4 3− removal efficiencies (Fig. 3c) . Our data indicated that the pre-incubation process under anaerobic conditions enhanced subsequent PO 4 3− accumulation, explaining why this strain grew so quickly and reached the logarithmic phase without exhibiting a lag phase (Fig. 3b) . Moreover, the accumulated PO 4 3− was re-released into the medium once the bacteria died, resulting in a sharp decrease in PO 4 3− removal efficiency after 36 h of incubation (Fig. 3c) . Because P pollution varies among environments, it is important to understand bacterial growth and PO 4 3− removal efficiency under different environmental conditions.
Effects of physicochemical conditions and key nutrients on bacterial growth and PO 4 3− removal
Studies have shown that pH and temperature are important environmental parameters that influence bacterial metabolic activities, nutrient availability and gas-transfer rates in medium (Mulkerrins et al. 2004 ). Another environmental parameter affecting bacterial growth is the dissolved oxygen (DO) concentration (Olsvik and Kristiansen 1992; Peña et al. 2000) . For optimal growth, bacteria often need nutrients such as C and N sources, although some bacteria can grow well in minimal salt medium (Ingraham et al. 1983 ). All of these factors are also important to the growth of, and PO 4 3− accumulation by, PAOs (Mulkerrins et al. 2004 ), which were also investigated in our study.
As shown in Fig. 4a , strain LH4 could not grow in medium with a pH < 6.0, while it had similar OD 600 values of 1.320-1.352 when the medium pH ranged from 6 to 9. Similar to bacterial growth, low pH also completely inhibited PO 4 3− removal (Fig. 4a) , supporting the close association between PO 4 3− removal and bacterial biomass (Momba and Cloete 1996) . Our data indicated that strain LH4 preferred to grow at a high pH, consistent with the results reported by Filipe et al. (2001a) that the PO 4 3− uptake, polyhydroxyalkanoate consumption and bacterial growth rates observed at pH 6.5 were 42, 70 and 53%, respectively, of those observed at pH 7.0. Other studies have also reported negative effects of low pH on bacterial growth and PO 4 3− uptake Filipe et al. 2001b) .
In contrast to pH, better bacterial growth and PO 4 3− uptake in PAOs are achieved at lower temperatures (Whang and Park 2006) . For example, Florentz et al. (1987) observed greater P-removal efficiency at low temperatures (5-15 °C) compared with high temperatures (> 15 °C). In our study, the OD 600 (i.e., 1.753) in strain LH4 was highest at 30 °C, with 24% greater biomass than that at 25 °C (Fig. 4b) . In addition, the strain grew well at 37 °C (OD 600 = 1.375), but its OD 600 decreased to 0.449 at 40 °C (Fig. 4b) . Our data were consistent with the findings of Garrity et al. (2004) and Bouvet and Grimont (1986) that A. junii can only grow well at temperatures ≤ 37 °C, whereas 90% of reported strains can grow at temperatures up to 41 °C. Additionally, although this strain exhibited its highest OD 600 at 30 °C, that was not the case for PO 4 3− removal efficiency. As shown in Fig. 4b , the greatest PO 4 3− removal efficiency was 92% at 35 °C. This discrepancy was likely due to the differing effects of temperature on metabolic activities and bacterial growth (Mulkerrins et al. 2004 ). Greater PO 4 3− removal at higher temperatures (30-37 °C) was supported by Converti et al. (1995) but not by Florentz et al. (1987) , indicating that different PAOs exhibit different responses to temperature.
In addition to solution pH and temperature, we also determined the impact of shaking speed, a key factor influencing DO and substrate exchange, on bacterial growth and PO 4 3− removal efficiency. As expected, strain LH4 grew well and removed PO 4 3− from aqueous solution under both anoxic and aerobic conditions (Fig. 4c) . Specifically, both bacterial growth (OD 600 = 0.440-1.447) and PO 4 3− removal efficiency (39-99%) increased with an increase in shaking speed from 0 to 100 rpm (Fig. 4c) . This result indicated that higher DO concentration and greater substrate exchange increased nutrient utilization and promoted bacterial growth, thereby increasing PO 4 3− uptake into cells (Peña et al. 2000; Olsvik and Kristiansen 1992) . Our data also showed that both bacterial growth and PO 4 3− removal efficiency were stable at shaking speeds up to 250 rpm (Fig. 4c) , in contrast to previous findings that excessive aeration led to deterioration of biological P-removal in an activated sludge system (Peng et al. 2006) . It has been shown that 4 mg L −1 DO is sufficient to stimulate PO 4 3− removal, but higher oxygen concentrations represent a waste of energy for aeration purposes (Mulkerrins et al. 2004) . Therefore, maintaining a shaking speed of 100 rpm is adequate for efficient PO 4 3− uptake in strain LH4.
As noted previously, both C and N sources are very important for bacterial growth, and this is equally true for PAOs (Ingraham et al. 1983; Zhuang et al. 2014; Madigan et al. 2008 ). While C sources serve as substrates for polyhydroxybutyrate synthesis in PAOs, N sources are often involved in the synthesis of proteins, nucleic acids and other cell components (Yu and Li 2015; Madigan et al. 2008 ). In our study, C sources including sodium formate, sodium acetate, sodium propionate, sodium succinate, sodium citrate, glucose and sucrose, and N sources including NH 4 Cl, NaNO 3 , NaNO 2 , peptone, NH 4 NO 3 and (NH 4 ) 2 SO 4 were investigated. Although the trait of acetate utilization has been widely documented in PAOs (Cokgor et al. 2004; Soejima et al. 2006) , our data indicated that strain LH4 utilized only sodium formate and sodium acetate (Fig. 4d) , with sodium formate resulting in both a higher OD 600 and PO 4 3− removal efficiency compared with sodium acetate (1.942 vs. 1.72 and 95 vs. 90%, respectively; Fig. 4d ). On the other hand, sodium propionate was not well utilized (Fig. 4d) . This may be expected because these compounds have different -COOH groups, implying that nutrients with low molecular weights are more easily degraded for growth . Interestingly, the strain had an OD 600 of 0.222 and removed 26% of 24.5 mg L −1 PO 4 3− in the presence of sodium succinate (Fig. 4d ), in agreement with the results of physiological and biochemical characterization (Table 2) . Unlike C sources, aside from peptone, all N sources tested were utilized by strain LH4 (Fig. 4e) . Among them, NH 4 Cl and (NH 4 ) 2 SO 4 benefited bacterial growth to similar extents, leading to higher OD 600 values of 1.286 and 1.305, compared with other N sources (Fig. 4e) . The corresponding PO 4 3− removal efficiencies were 94 and 93%, respectively (Fig. 4e) . Although the presence of nitrite (NO 2 − ), generally at concentrations of 8 mg L −1 or greater, often displays inhibitory effects on bacterial growth and PO 4 3− removal by PAOs (Sin et al. 2008; Zeng et al. 2014 ), LH4 did not follow this trend. For example, strain LH4 had an OD 600 of 1.086 and removed 90% of 24.5 mg L −1 PO 4 3− in the presence of 394 mg L −1 NaNO 2 (i.e., 263 mg L −1 NO 2 − ; Fig. 4e) , showing a similar removal efficiency with 16% less biomass. Similar results were observed with the addition of NaNO 3 and NH 4 NO 3 (Fig. 4e) . Our data indicated that strain LH4 preferred to utilize N sourced from NH 4 + rather than from NO 3 − or NO 2 − . Moreover, strain LH4 tolerated high concentrations of NO 3 − and NO 2 − , thus displaying good potential for the remediation of eutrophic waters with high N contents.
Most bacteria need more N than do fungi or actinomycetes, whereas fungi and actinomycetes need more C than do other bacteria (Madigan et al. 2008) . Imbalances between C and N may impact bacterial growth (Goldman et al. 1987) ; for example, the PAO Alcaligenes sp. ZGED-12 grew better with increasing C:N ratios from 1:1 to 1:3, but its OD 600 decreased at a C:N ratio of 5:1 or greater . This result was attributed to the inefficient use of N sources at high C:N ratios , which was supported by our data. As shown in Fig. 4f , while the OD 600 of LH4 was 0.233 at a C:N ratio of 1:3, it increased to 1.753 at a C:N ratio of 7:1 and then decreased to 1.667 at a C:N ratio of 10:1. Therefore, in addition to the types of C and N sources available, C:N ratios are also important for bacterial growth and PO 4 3− removal. Because bacterial biomass was correlated with PO 4 3− uptake (Figs. 3c, 4e, f) (Momba and Cloete 1996), we also determined bacterial growth and PO 4 3− removal efficiencies at different inoculation concentrations ranging from 1 to 10%. The results showed that a 1% inoculation concentration of strain LH4 exhibited an OD 600 of 1.354 and took up 98% of spiked PO 4 3− after 12 h of incubation (Fig. 4g) . With increasing inoculation concentrations, both bacterial growth (OD 600 = 1.376) and PO 4 3− (100%) removal efficiency first increased, followed by considerable decreases to 1.311 and 93%, respectively (Fig. 4g ). This result again verified that, within a specific range, greater biomass led to higher PO 4 3− removal efficiency. Meanwhile, an excess concentration of the PAO suspension might result in uptake competition and thus decrease PO 4 3− accumulation.
A. junii strain LH4 efficiently removed PO 4
3− from aqueous solution
To fully clarify the PO 4 3− accumulation ability of strain LH4, the bacteria were grown in media spiked with 10, 25, 40, 70 or 100 mg L −1 PO 4 3− (P 10 , P 25 , P 40 , P 70 or P 100 , respectively). In the P 10 , the bacteria exhibited an OD 600 of 1.27 and removed 81% of the PO 4 3− in 12 h (Fig. 5) . Although the bacterial OD 600 in P 25 was similar to that in P 10 (1.281 vs. 1.27), the PO 4 3− removal efficiency (92%) was 11% greater (Fig. 5) . As PO 4 3− removal was associated with both utilization for bacterial growth and cell P-accumulation, the low removal efficiency in P 10 might be because of dominant use of PO 4 3− for bacterial growth (Fig. 5) , as observed using low-P medium, i.e., MLM (Merzouki et al. 1999) . In contrast, it is likely that the PO 4 3− -accumulation system was activated by 25 mg L −1 PO 4 3− (Fig. 5) , a typical concentration in MEM (Merzouki et al. 1999) . While the OD 600 increased by 9-18% (1.396-1.513) in P 40 , P 70 and P 100 , the PO 4 3− removal efficiency decreased to 45-79% of that in P 25 (Fig. 5 ). This result indicated that high PO 4 3− levels enhanced bacterial growth, which is also related to other factors such as C and N sources, pH and DO (Mulkerrins et al. 2004) .
In addition to bacterial growth and PO 4 3− removal efficiency, we also calculated the relative removal capacities of strain LH4 and other PAOs. To make the data comparable, all data were presented as depleted PO 4 3− content (mg) L −1 h −1 (Table 3) . To date, dozens of PAOs have been reported, of which only about 30 strains have been fully investigated in terms of their relative PO 4 3− removal capacity at the laboratory scale, and some representative strains are listed in Table 3 . Among them, only five strains had relative removal capacities of 3.0 mg L −1 h −1 or greater, with the highest value of 4.12 mg L −1 h −1 observed in Pseudomonas fluorescens (Table 3) . Strain LH4 ranked among the top three (Table 3) . In addition, six strains of A. junii (Momba and Cloete 1996) , A. denitrificans (Sidat et al. 1999) , Alcaligenes sp. , B. cereus (Sidat et al. 1999) , P. testosteroni (Sidat et al. 1999) and S. epidermidis (Sidat et al. 1999 ) had relative removal capacities ranging from 2.0 to 3.0 mg L −1 h −1 (Table 3) . Although strain LH4 displayed a strong ability for PO 4 3− accumulation, its potential use in eutrophic water remediation warrants further investigation. Future work should be performed at a large-scale, e.g., a sequencing batch reactor with an activated sludge process, to evaluate the industrial applications of PAOs. 
Conclusion
In this study, A. junii strain LH4, which is a PAO, was isolated from sludge with high COD, TN and TP levels and was characterized using physiological, biochemical and molecular tests. This strain preferred to utilize sodium formate and sodium acetate as C sources and to utilize NH 4 Cl and (NH 4 ) 2 SO 4 as N sources. The optimal physicochemical conditions included a C:N ratio of 5:1, inoculation concentration of 3%, solution pH of 6, incubation temperature of 30 °C and shaking speed of 100 rpm, which allowed ideal PO 4 3− removal by the strain. Because the relative PO 4 3− removal capacity (0.67-3.84 mg L −1 h −1 ) of strain LH4 ranked among the top three of the reported PAOs, we concluded that it may be a good candidate for potential use in the remediation of eutrophic waters.
